Robotic systems for water pipe inspection do not generally include navigation components for mapping the pipe network and locating damage. Such navigation systems would be highly advantageous for water companies because it would allow them to more effectively target maintenance and reduce costs. In water pipes, a major challenge for robot navigation is feature sparsity. In order to address this problem, a novel approach for robot navigation in water pipes is developed here, which uses a new type of landmark feature -voids outside the pipe wall, sensed by ultrasonic scanning. The method was successfully demonstrated in a laboratory environment and showed for the first time the potential of using voids for robot navigation in water pipes.
Introduction
Water, a highly precious resource, is distributed to buildings by networks of pipes. As pipe materials age they are prone to damage, which can cause wastage of water and bacterial infiltration. Water distribution systems therefore require inspection, maintenance and repair [1] . However, water pipes are usually buried and so are difficult to access. Robotic systems have great potential for inspecting these inaccessible pipelines [2] . Whilst there are many techniques for robot pipe inspection itself [3] , an as yet unsolved problem is accurately locating damage in pipes once found, to effectively target repair. This problem can be addressed by robot navigation algorithms, specialised to water pipes, which is the focus of this paper.
There are a number of challenges for robot navigation in water pipes. Firstly and most importantly the water pipe is a feature sparse environment. Most current robot navigation systems deal with indoor and outdoor environments, which contain numerous landmark features. However, pipe walls lack features that can be used as landmarks. Secondly, in pipes standard range and bearing sensors can only detect features that are nearby due to the close and enclosing proximity of the surrounding pipe wall. Thirdly, unlike indoor or outdoor navigation, the in-pipe robot has a very restricted route (moving either forward or backward), which limits the perspective of the robot on landmark features. Therefore, robot navigation in water distribution pipes is a difficult problem.
Robot navigation is often performed using simultaneous localisation and mapping (SLAM), which is where the location of the robot and the map features are represented in the state vector of a state-space model [4] . State estimation techniques are then used to construct the map and localise the robot, using e.g. the extended Kalman filter [5] or the Rao-Blackwellised particle filter [6] . Although these techniques are well-developed, they have rarely been applied in the water pipe environment. Mapping and localisation has been attempted in water pipes based on cameras and inertial measurement units (IMUs) [7, 8] . However, the use of cameras is limited by the lack of visual features, and IMUs are subject to drift, meaning that the navigation problem has yet to be adequately solved.
For in-pipe navigation, the feature sparsity problem motivates the development of sensing techniques that can transform the water pipe into a feature-rich environment. The aim of this paper is to improve water pipe navigation by exploiting a novel type of feature -voids that occur outside the pipe wall. Ultrasonic signals can penetrate the wall of plastic pipes to detect the depth between the outside soil and the pipe (and plastic pipes are now typically used by water utilities, especially in the UK). Significant gaps between the pipe wall and soil -voids -can be used as landmark features for navigation. Ultimately, these features can be used to build maps, localise the robot and fuse with standard sensing based on cameras and IMUs.
In this contribution we develop a novel framework for mapping and localisation in water pipes using voids as features, detected by ultrasonic scanning through the pipe wall, and demonstrate the approach experimentally in a laboratory environment. The experimental results show that ultrasonic sensing can be used to successfully build a map based on soil depth outside the pipe wall, and the navigation algorithm can be used to localise using voids as features.
Methods
This section describes the navigation algorithm using voids as features, as well as the experimental setup and data used to evaluate the algorithm performance.
Robot Navigation Algorithm
Problem Statement. The problem that we address here is: (i) to construct a map g(x k ) for the water pipe environment, that can be used to transform from robot pose x k ∈ R nx at time-step k to sensor measurements y k ∈ R ny , where g : x k →ỹ k , where typically the robot pose x k = [x y θ] T , i.e. x k contains the spatial location in x-y co-ordinates and heading θ, andỹ k is the noise-free sensor output; and (ii) localise the robot by obtaining the estimate of the pose distribution p(x k |y k ).
